ABSTRACT: Chorion is the major component of silkmoth eggshell. More than 95% of its dry mass consists of the A and B families of low molecular weight structural proteins, which have remarkable mechanical and chemical properties protecting the oocyte and developing embryo from environmental hazards. We present data from FT-Raman spectroscopy of silkmoth chorion and amyloid-like fibrils formed from peptide analogues of chorion proteins, both unstained and stained by Congo red. The results show that FT-Raman spectroscopy is not a straightforward diagnostic tool for the specific interactions of Congo red with amyloids: a dilute aqueous solution of the Congo red dye at pH 5.5 and a thin solid film of the dye cast from this solution exhibit the same "diagnostic" Raman shifts relative to the neat Congo red dry powder as do amyloid fibrils formed from peptide analogues of chorion proteins stained by Congo red. An important consequence of this finding is that these shifts of the Raman active modes of Congo red are probably due to the formation of supramolecular dye aggregates in the presence of water. Therefore, this is not an appropriate diagnostic test for Congo red binding to amyloids.
INTRODUCTION
Chorion, the major constituent (ca. 90%) of the eggshell of many insect and fish eggs, is an important biological structure with extraordinary mechanical and physiological properties. 1 The proteinaceous silkmoth chorion consists of more than 200 different proteins, which account for more than 95% of its dry mass. 1 Silkmoth chorion proteins are variants of two major themes: they have been classified into two major classes, A and B.
2 Both families of silkmoth chorion proteins consist of three domains. 3 The central domain is conserved in each class. The flanking N-and Cterminal domains are more variable and contain characteristic tandem repeats. 3 Furthermore, the A and B central domains show distant similarities, suggesting that chorion genes constitute a superfamily derived from a single ancestral gene.
It was found to be very difficult to purify individual chorion proteins in large enough amounts of sufficient purity for structural studies. Therefore, in order to study chorion protein structural properties, we synthesized peptide analogues representative of parts or the entire central conservative domain of the two silkmoth chorion protein families (A and the B). 5 The synthesis of such peptides was made because the central domains of the A and B families of chorion proteins are highly conserved in both sequence and length, and this conservation most probably indicates that these domains play an important functional role in the formation of silkmoth chorion structure. 6 We have recently shown that peptide analogues, both of the entire central domain of the A family of silkmoth chorion proteins (cA peptide) and a part of the central domain of the B family of silkmoth chorion proteins (B peptide), form amyloid-like fibrils by self-assembly mechanisms under a great variety of conditions in vitro. 7, 8 The fibrils, ϳ100 Å in diameter (Fig. 1) , bind Congo red and show the red-green birefringence characteristic for amyloids, when seen under crossed polars (data not shown). Suspensions of these fibrils form oriented fibers, which give characteristic "cross-␤"-X-ray diffraction patterns, 7 a characteristic feature of amyloids as well (see Iconomidou et al. 7, 8 and references therein). These data, combined with the fact that silkmoth chorion consists of fibrils similar in appearance to the amyloid fibrils formed from peptide analogues of parts of chorion proteins and structural data of silkmoth chorion presented elsewhere, 7 probably suggest that silkmoth chorion is a natural, protective amyloid that is important for the survival and development of the oocyte and the developing embryo. 7, 8 This role is in contrast to that of amyloids associated with serious diseases including Alzheimer's disease, transmissible spongiform encephalopathies, type II diabetes mellitus, and a number of systemic polyneuropathies. 9 -12 Recently, IR, FT-Raman and UV spectroscopy were used to study the binding of Congo red to deposits of Alzheimer's amyloid in cerebral tissue and other typical ␤-amyloid proteins. 13 Several Raman features attributed to Congo red were found to shift upon amyloid binding, and Raman spectroscopy has therefore been considered a powerful diagnostic tool for ␤-amyloids. In this work we present the FT-Raman spectra of silkmoth chorion, a solid and robust structure consisting of proteins adopting an antiparallel ␤-sheet type of structure, a naturally designed protective amyloid, 6, 7 as well as cA peptide amyloid-like fibrils, both unstained and stained with Congo red. Contrary to earlier reports, we provide evidence that the FT-Raman spectra of the stained samples do not provide unequivocal evidence for an amyloid-specific binding of Congo red.
MATERIALS AND METHODS

Formation of Amyloid-Like Fibrils, Formation of Oriented Fibers, and Preparation of Silkmoth Chorion Samples
A cA peptide analogue of the central domain of silkmoth chorion A proteins was dissolved in doubly distilled water (pH 5.5) at a concentration of 9 mg/mL to produce amyloid-like fibrils after 3-4 weeks of incubation. Oriented fibers, suitable for X-ray diffraction, were obtained from suspensions of cA peptide amyloid-like fibrils as described in Iconomidou et al. 7 Clean samples of contaminantfree silkmoth chorions and silkmoth chorion fragments were obtained as described in Hamodrakas et al. 14 
Negative Staining
For negative staining, cA peptide fibril suspensions were applied to glow-discharged 400-mesh carbon coated copper grids for 60 s. The grids were (occasionally) flash-washed with ϳ150 L of distilled water and stained with a drop of 1% (w/v) aqueous uranyl acetate for 45 s. Excess stain was removed by blotting them with filter paper, and then they were air dried. The grids were examined in a Philips CM120 Biotwin transmission electron microscope operating at 100 kV. Photographs were obtained by a retractable slow scan CCD camera (SSC TM , Gatan Inc.) utilizing the Digital Micrograph 2.5.8 program (Gatan Inc.).
Congo Red Staining and Polarized Light Microscopy
A cA peptide fiber used for X-ray diffraction studies (which was prepared from a suspension of cA amyloid-like fibrils and produced very rich, oriented cross-␤ X-ray diffraction patterns as described in Iconomidou et al. 7 ) was stained with a 10 mM Congo red (Sigma) solution in phosphate buffered saline (PBS, pH 7.4) for approximately 2 h (after the X-ray exposures). It was then washed several times with 90% ethanol and left to dry. Subsequently, the fiber was observed under bright field and between crossed polars utilizing a Zeiss KL 1500 polarizing stereomicroscope equipped with an MC 80 DX camera.
Hemispherical half-chorions 14, 15 or approximately flat chorion fragments were stained with a Congo red solution as above for several hours under reducing conditions in the dark. They were then washed thoroughly with 90% ethanol and left to dry.
FT-Raman Spectroscopy
For the Raman measurements the following types of samples were used:
1. cA amyloid fibrils (a drop of a 10 L suspension of cA peptide fibrils was cast on a front coated Au mirror and left to dry); 2. an oriented fiber of the cA peptide, used as a sample for X-ray diffraction measurements, stained with Congo red (as described in the staining by Congo red procedure above); 3. silkmoth chorions of the wild-type moth Autheraea polyphemus; 4. silkmoth chorions of the wild-type moth A.
polyphemus stained with Congo red (as described in the staining by Congo red procedure above); 5. Congo red as supplied from Sigma (dry powder); 6. aqueous solutions of Congo red (10 mM, pH 5.5) and Congo red dissolved (10 mM) in PBS (pH 7.4); and 7. thin films of Congo red cast on an aluminum foil from aqueous solutions (10 mM, pH 5.5).
Raman spectra were obtained on a Fourier transform instrument (Bruker RFS 100) employing for excitation ca. 400-mW of a Nd:YAG 1064-nm line in backscattering geometry. Excitation in the near IR greatly reduces the fluorescence of the proteinaceous samples and eliminates the need for prolonged laser annealing, which is necessary if excitation in the visible is employed instead. The resolution was 4 cm Ϫ1 and the total acquisition time was 10 h (about 10,000 scans). The interferograms were Fourier transformed in 1-h acquisition time segments in order to enable the detection of time dependent phenomena (sample degradation, luminescence, bleaching, etc.). Subsequently, the spectra were averaged and the standard deviation () was calculated. The spectra of the nonproteinaceous samples were also measured at 4 cm Ϫ1 resolution, but with about 400 scans.
Postrun Computations of Spectra
The Raman scattering peak maxima were determined from the minima in the second derivative of the corresponding spectra. Derivatives were computed analytically using routines of Bruker OPUS/Windows 2000 software and included smoothing by the Savitzky-Golay algorithm over a 4 cm Ϫ1 range around each data point. 16 Smoothing over narrower ranges resulted in a deterioration of the signal to noise ratio and did not increase the number of minima that could be determined with confidence. Figure 1 shows amyloid-like fibrils derived by self-assembly from a 9 mg/mL aqueous solution of FT-RAMAN OF CONGO RED BINDING TO AMYLOIDS the cA peptide analogue of silkmoth chorion proteins (pH 5.5) after negative staining. Figure 2 shows the FT-Raman spectrum of cA peptide amyloid-like fibrils shown in Figure 1 but cast on an Au front mirror. The FT-Raman spectrum of an oriented fiber derived from a suspension of cA peptide amyloid-like fibrils and stained with the dye Congo red is shown in Figure 3 . This fiber was used to obtain rich, oriented cross-␤ X-ray diffraction patterns. These, together with supporting evidence from electron microscope studies ( Fig. 1) and red-green birefringence under crossed polars after Congo red staining (data not shown), indicate the amyloid-like nature of cA peptide fibrils. 7 Figure 4 shows the FT-Raman spectrum of an intact chorion sample from the wild-type silkmoth A. polyphemus. Figure 5 displays the FT-Raman spectrum of the same chorion sample stained with Congo red.
RESULTS AND DISCUSSION
The bands observed in these FT-Raman spectra (exact locations determined from the second derivative spectra) are compiled in Table I , along with tentative assignments. [17] [18] [19] [20] [21] In both unstained and stained materials the position of the amide I (ϳ1670 cm Ϫ1 ) and III (ϳ1230 cm Ϫ1 ) bands in the Raman spectra are well-known indicators of ␤-sheet secondary structure. These ␤ sheets are judged to be antiparallel, especially from the presence of a band (seen as a shoulder) at ϳ1691 cm Ϫ1 in the corresponding attenuated total reflectance FTIR spectra (data not shown) of the same materials. 2, 8, [22] [23] [24] This evidence is clearly in agreement with our earlier investigations of the structure of the cA peptide amyloid fibrils and cA peptide oriented fiber from X-ray diffraction, Raman, and IR data and modeling studies. 7 It also confirms the structure of silkmoth chorion proteins from conventional Raman spectroscopy studies conducted 20 years ago, 15 which indicate that silkmoth chorion proteins and peptides adopt a "cross-␤-sheet" type of structure (see also Hamodrakas et al. 6 and references therein).
Comparing the Raman spectra of the unstained cA peptide organized into amyloid-like fibrils to those of the lyophilized cA from Benaki et al. 5 reveals that the organization results in considerably sharper and better resolved amide I and III features. The width at half-maximum intensity of the main Raman amide I feature is about 50 cm Ϫ1 in the lyophilized cA, 5 but it drops to 21 cm Ϫ1 in its organized unstained form. It is interesting that the bandwidth of the same feature in the Raman spectrum of the unstained silkmoth chorion (Fig. 4) is about 27 cm Ϫ1 (i.e., indicative of rather strong organization and the presence of uniform ␤-sheet structures; see also Hamodrakas et al. 15 ). Furthermore, the FT-Raman spectra (Figs. 2-5) contain useful information about the state of several amino acid residues of silkmoth chorion proteins and peptides (Table I ), which will not be discussed here.
Instead, we wish to draw particular attention to the binding of the Congo red dye to cA peptide fibrils and to the silkmoth chorion itself and discuss its implications.
A comparison of the Raman spectra of the unstained and stained cA peptide amyloid fibrils (Figs. 2 and 3, respectively) indicates that the latter contains strong features at 1596, 1453, 1403, 1372, and 1156 cm Ϫ1 that are not present in the former. These features are clearly due to the spectroscopic signature of the Congo red dye. The strongest amide I band in the Raman spectrum of the stained cA peptide amyloid fibrils appears to be about 4 times weaker than its neighboring 1596 cm Ϫ1 Congo red mode (Fig. 3) . The Congo red modes in the Raman spectrum of the stained silkmoth chorion are less pronounced (presumably because the ratio of the chorion protein to Congo red is much larger in this case) than those of the stained cA sample. Nevertheless, they can be clearly observed at the same frequencies in the second derivative spectra (Fig. 5) .
Recently, Sajid et al. 13 reported that Congo red exhibits significant shifts of its Raman active modes when bound to ␤-amyloid peptides or Alzheimer's disease brain tissue. They claimed that the shifts of the stretching mode of the azomoiety from 1353 (powder) to 1374 cm Ϫ1 (amyloid), a smaller shift of the phenyl ring mode from 1589 to 1594 cm Ϫ1 , and the appearance of a feature at about 1401 cm Ϫ1 are of major diagnostic importance. Remarkably, our spectra of both the stained cA fiber and silkmoth chorion (Figs. 3 and 5) exhibit the Congo red bands shifted in the manner and extent reported by Sajid et al., 13 and this appears at first sight to provide additional strong evidence for their amyloid structure.
However, given the fact that the interactions between Congo red and the protein ␤ sheets are not yet fully understood at (or near) the atomic level and that there is still doubt whether Congo red is an amyloid-specific dye, [25] [26] [27] we proceeded to study its Raman spectra in dilute aqueous solutions and film casts. Surprisingly, our spectra (Fig. 6 ) indicate that the stained cA fiber, a dilute aqueous solution at pH 5.5, and a thin solid film of the dye cast from this solution exhibit the same Raman spectra, which are, within the resolution of the experiment, identical to the spectra of Sajid et al. 13 but differ from that of the neat Congo red powder. The important consequence of this finding is that these shifts of the Raman active modes of Congo red are probably due to the formation of supramolecular dye aggregates in the presence of water. 28 They originate from the interactions of the highly polarizable conjugated central parts of the dye molecules and not from any specific binding to the proteinaceous substrate, regardless of whether this is amyloid or not. FT-Raman spectroscopy, despite its advantages in elucidating the secondary structure of proteins, does not provide evidence for an amyloid-specific binding of Congo red.
CONCLUSION
FT-Raman spectroscopy has been used successfully to determine the secondary structure of silkmoth chorion proteins and chorion protein peptide analogues forming amyloid-like fibrils, both unstained and stained by Congo red. However, and contrary to earlier reports, when applied to stained specimens it does not detect any specific interactions of amyloid-like fibrils with the Congo red dye.
